The vertebrate lung is elegantly patterned to carry out gas exchange and host defense. Similar to other organ systems, endogenous stem and progenitor cells fuel the organogenesis of the lung and maintain homeostasis in the face of normal wear and tear. In the context of acute injury, these progenitor populations are capable of effecting efficient repair. However, chronic injury, inflammation, and immune rejection frequently result in pathological airway remodeling and serious impairment of lung function. Here, we review the development, maintenance, and repair of the vertebrate respiratory system with an emphasis on the roles of epithelial stem and progenitor cells. We discuss what is currently known about their identities, lineage relationships, and the mechanisms that regulate their differentiation along various lineages. A deeper understanding of these progenitor populations will undoubtedly accelerate the discovery of improved cellular, genetic, molecular, and bioengineered therapies for lung disease. 
INTRODUCTION
The vertebrate respiratory system has evolved to facilitate the vital exchange of gases between blood and the outside environment. This function relies on the proper specification and 3D organization of epithelial cells in the distal part of the lung and their close apposition to a dense capillary network. Proximal conducting airways are lined by a columnar epithelium that hydrates the air and provides a first line of host defense through the process of mucociliary clearance. These functions also depend on the proper specification and maintenance of differentiated cell types in spite of constant challenge by inhaled noxious gases, particulates, and microorganisms.
Compared with some other epithelial organs, such as the interfollicular epidermis and small intestine, the respiratory epithelium turns over relatively slowly (Kauffman 1980; Rawlins & Hogan 2006 , 2008 . Therefore, under normal conditions, infrequent divisions of stem and progenitor cells are sufficient to maintain the epithelium. However, in the context of lung repair following acute experimentally induced injury, proliferation is enhanced, and barrier function and the normal proportions of cell types are rapidly restored (Borthwick et al. 2001; Evans et al. 1975 Evans et al. , 1986 Hong et al. 2004b; Rawlins et al. 2007 Rawlins et al. , 2009b Rock et al. 2009 ). Disruptions of this reparative program likely contribute to common respiratory diseases including cystic fibrosis, asthma, chronic obstructive pulmonary disease, bronchiolitis obliterans, and pulmonary fibrosis (Chilosi et al. 2002 , Randell 2006 , Rock et al. 2010 , Voynow et al. 2005 .
The study of the basic mechanisms by which progenitor cells maintain homeostasis or contribute to disease progression has been impeded by the paucity of specific markers and functional assays for stem cells of the lung. Furthermore, the complex 3D structure of the lung has so far made it difficult to carry out live cell imaging or detailed analysis of intimate cellular interactions during development and repair. Progress has also been complicated by the assumption that in the adult lung there must be a single multipotent epithelial stem cell type capable of regenerating the entire spectrum of proximal airway and distal alveolar lineages (Kajstura et al. 2011 , Kim et al. 2005 , McQualter et al. 2010 , Tesei et al. 2009 ). Obviously, it is essential to know if such a multipotent cell exists. However, the search for such a cell should not preclude the possibility that other stem and progenitor populations exist and can be identified and characterized. In all cases rigorous testing of potential stem cell populations by in vivo genetic lineage tracing techniques is needed. Recent studies in well-studied systems such as the epidermis, intestine, and mammary gland have generated evidence for multiple stem cell populations that function during steady state and in different injury and repair processes (Barker et al. 2007 , AEC: alveolar epithelial cell Montgomery & Shivdasani 2009 , Sangiorgi & Capecchi 2008 , Visvader & Smith 2011 , Watt & Jensen 2009 ). As discussed below, there is every reason to believe that the adult lung also contains multiple epithelial stem cell populations and that their relative distribution varies between species (reviewed in Rawlins & Hogan 2006 , Rock et al. 2010 ). There have also been important advances in our understanding of the mechanisms regulating the self-renewal and differentiation of lung progenitor cells along various lineages during embryonic development (reviewed in Cardoso & Kotton 2008 , Morrisey & Hogan 2010 , Rawlins 2008 . Ultimately, there is an urgent need to translate these findings on embryonic and adult lungs to the clinic to generate new and effective molecular therapies for airway disease.
OVERVIEW OF THE MOUSE RESPIRATORY SYSTEM
The cellular composition and 3D organization of the lung vary along its proximodistal axis, and distinct regions have evolved to perform particular functions (Figure 1) . The vital function of gas exchange is carried out across the epithelial cells that line the distal lung. In this region, the surface available for gas exchange is maximized by septation into hundreds of millions of microscopic, thin-walled sacs known as alveoli. These are surrounded by a dense capillary network. More proximally, a branched tubular network of conducting airways transports gases to and from the alveoli; the surface area of these conducting airways is also considerable, and the epithelial cells that line them have evolved to provide a level of host protection.
The alveolar epithelium consists of type 1 and type 2 alveolar epithelial cells (AEC1 and AEC2). AEC2 cells are cuboidal and often found in the "corners" of alveoli. They contain abundant secretory vesicles called lamellar bodies. These are the primary source of surfactant-associated protein C (Sftpc or SPC) and other components of pulmonary surfactant, a mix of extracellular proteins and lipids that decreases alveolar surface tension and contributes to host defense (reviewed in Whitsett et al. 2010 , Wright 2005 . Recent data suggest that AEC2 cells also contribute to alveolar PNEC: pulmonary neuroendocrine cell NEB: neuroepithelial body homeostasis through the absorption and secretion of fluid (Bove et al. 2010) . It has long been believed that AEC2 cells function as progenitors for other alveolar epithelial cells. However, this hypothesis and the potential heterogeneity of the population have not been tested by rigorous genetic lineage tracing in vivo (Adamson & Bowden 1975 , Evans et al. 1975 , Kauffman et al. 1974 . In stark contrast to the morphology of AEC2 cells, AEC1 cells are flat or squamous. They comprise ∼95% of the surface area of the lung even though they account only for a minor proportion of the total population (Williams 2003) . Their high membrane to cytoplasm ratio, close apposition to the dense alveolar capillary network, and expression of ion channels and pores, including Aqp5 and Cftr, support the notions that AEC1 cells are the primary sites of gas exchange and that they also regulate fluid homoeostasis.
Relatively little is known about the development, maintenance, and lineage relationships of the mesenchymal cell types in the distal lung. These include the endothelium of veins, arteries, capillaries, and lymphatic vessels as well as pericytes, fibroblasts, vascular and airway smooth muscle, myofibroblasts, lipocytes, and mesothelium (Burns et al. 2003 , Kapanci et al. 1992 , Lindahl et al. 1997 , Morimoto et al. 2010 , Morrisey & Hogan 2010 . There is morphological evidence for subsets of fibroblasts that form close associations with AEC2 cells (Sirianni et al. 2003) , but the full potential heterogeneity in the mesenchymal cell population is only beginning to be explored. Although these cell populations are critically important for normal development and are thought to contribute directly to pulmonary disease, an indepth review of the relevant literature is beyond the scope of this review.
The intrapulmonary (or intralobar) conducting airways of mice are lined by a simple columnar epithelium containing multiciliated and secretory cells. Together, these cells drive mucociliary clearance, the process by which inhaled microorganisms and particulates are cleared from the lung. Ciliated cells express the forkhead transcription factor FoxJ1 that is required for their differentiation (Brody et al. 2000 , Chen et al. 1998 . Nonciliated columnar cells, which are broadly classified as secretory cells and include Clara cells, are the source of secretoglobins such as Scgb1a1. Evidence from our lab suggests that Scgb1a1-expressing cells of intralobar airways self-renew over the long term and can generate ciliated cells. Thus, although these cells are differentiated in that they express Scgb1a1, as a population they fulfill the definition of a tissue stem cell (Rawlins et al. 2009b) . However, there is considerable evidence that the secretory population is heterogeneous with respect to morphology, gene expression, secretory profile, and behavior. For example, a subset of Clara cells, perhaps immature or localized to a protective niche, is resistant to injury by systemic administration of naphthalene (Reynolds et al. 2000) . Secretory cells also differ in their response to inflammation, as some reversibly become mucinproducing goblet cells and others express chitinases (Chen et al. 2009 , Evans et al. 2004 , Homer et al. 2006 . Laboratory mice housed under specific pathogen free standards contain relatively few goblet cells in their airways; this suggests that the development of these cells is at least partially attributable to inhaled irritants.
Columnar pulmonary neuroendocrine cells (PNECs) are found individually in proximal airways or in clusters called neuroepithelial bodies (NEBs) in intralobar airways (reviewed in Van Lommel 2001) . These cells may play roles in sensing stimuli within the airway lumen, including hypoxia and nicotine. The secretory products of neuroendocrine cells, including serotonin, calcitonin (CGRP or Calca), and bombesin, are thought to influence epithelial cells, immune function, and flow of air and blood (Van Lommel 2001) . Anterograde labeling with lipophilic dyes suggests that NEBs are innervated by sensory nerve fibers that they potentially transmit stimuli to the central nervous system (Van Lommel et al. 1998) . PNECs are the proposed cell of origin for small cell lung cancer (Borges et al. 1997 , Ito et al. 2003 .
In mice, the trachea, mainstem bronchi, and most proximal regions of the intralobar airways are lined with a pseudostratified columnar epithelium, whereas in the remaining airways the epithelium is simple columnar or cuboidal. Importantly, in humans even very distal airways with diameters less than 0.5 mm are lined by a pseudostratified epithelium (Boers et al. 1998 , Rock et al. 2010 . In addition to ciliated, secretory, and neuroendocrine cells, these pseudostratified epithelia in mice and humans contain a population of relatively undifferentiated basal cells. Because they have abundant desmosomal and hemidesmosomal attachments, basal cells are thought to play a major structural role in the respiratory epithelium (Evans et al. 2001 ). Most importantly, as discussed below, these cells make up a population of stem cells capable of self-renewal and differentiation along the ciliated and secretory lineages (Hong et al. 2004b , Rock et al. 2009 ).
OVERVIEW OF LUNG DEVELOPMENT
The development of the respiratory system begins when the anterior foregut separates longitudinally to form two tubes: the future esophagus dorsally and the trachea ventrally (Que et al. 2006) . The respiratory domain is marked by the expression of the transcription factor Nkx2.1 as well as other foregut endoderm-specific genes such as Foxa1 and Foxa2 (Minoo et al. 1999 , Monaghan et al. 1993 . Just distal to the initial site of separation, two buds from the ventral foregut endoderm grow into the surrounding splanchnic mesenchyme at approximately embryonic day (E) 9.5 of mouse development. These buds, which express Nkx2.1 and Sftpc, undergo a program of iterative and stereotypic branching to elaborate a tree-like tubular network of airways (Metzger et al. 2008 ). This process of branching morphogenesis requires reciprocal signaling between the epithelium and surrounding mesenchyme, which is mediated by Wnt, Sonic hedgehog (Shh), Bone morphogenetic protein (Bmp), fibroblast growth factor (Fgf), and retinoic acid signaling (reviewed in Cardoso & Lu 2006 , Morrisey & Hogan 2010 . Recent data from other organs suggest that the action of the parasympathetic nervous system promotes branching morphogenesis, but this has not been tested specifically in the lung (Knox et al. 2010) . At approximately E16.5, development shifts from branching morphogenesis to the generation and subsequent maturation of saccules in the distal lung, processes that are essential for the formation of the mature gas exchange apparatus. This function is enhanced by the septation of the primary saccules into hundreds of millions of alveoli, a process that begins in utero in humans (Langston et al. 1984 ) but occurs entirely postnatally in mice (Amy et al. 1977) . There is an urgent need to better understand the cell types and molecular mechanisms that drive the development of mature alveoli because preterm infants suffer disruptions in alveolar septation that can affect lung function into adulthood (Kwinta & Pietrzyk 2010 , Lum et al. 2011 ). In addition, postnatal lung development, including alveolar septation and maturation of the bronchiolar epithelium, is critically dependent upon adequate nutrition (Das 1984 , Massaro et al. 1988 .
Some progress has been made in identifying cell populations, extracellular matrix components, and signaling pathways required for alveolar development. For example, although retinoic acid signaling is required for early lung development (Mendelsohn et al. 1994) , this pathway must be downregulated for sacculation and the maturation of AEC1 cells (Wongtrakool et al. 2003) . Elastin is the most abundant extracellular matrix protein of the lung, and its deposition is critical for the formation of terminal branches and alveoli in mice (Wendel et al. 2000) . Platelet-derived growth factor A (Pdgfa) expressed in the epithelium is required for the translocation of alveolar smooth muscle cell progenitors to the tips of distal airways, where they mature and deposit elastin. In Pdgfa null mice, this translocation is impaired, which results in decreased elastin deposition and defective alveolarization (Lindahl et al. 1997) . The process of alveolar septation is also dependent on cross talk between the endothelium and epithelium (Yamamoto et al. 2007 ).
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SPECIFICATION OF EPITHELIAL LINEAGES IN THE MOUSE LUNG Proximodistal Patterning
During branching morphogenesis, the distal tips of the extending tubes harbor a population of multipotent epithelial progenitors (Figure 2) . Studies have identified genes specifically expressed in the distal tip cells versus the more proximal stalks. These include the dominant-negative basic helix loop helix (bHLH) transcription factor Id2 and the HMG-box transcription factor Sox9 (Figures 2 and 3 ; Liu & Hogan 2002 , Perl et al. 2005 , Rawlins et al. 2009a . By lineage tracing Id2+ tip epithelial cells early in development, we have provided evidence that these cells are multipotent and contribute to all lung epithelial lineages (including neuroendocrine cells), both proximal and distal (Rawlins et al. 2009a) . Later in development, the potential of Id2+ tip cells is restricted to alveolar lineages, and tip cells labeled at E16.5 or E18.5 generated only AEC2 and AEC1. Conditional deletion of Sox9 from the embryonic mouse lung does not produce an obvious phenotype (Perl et al. 2005) , which suggests that another transcription factor compensates for the loss of the gene. As cells leave this distal tip zone, they lose expression of Id2 and Sox9 (Figure 3 ) and begin to express Sox2. Sox2 is essential for lung development because conditional deletion from the early foregut epithelium results in malformations of the trachea and surrounding cartilages and disrupts the differentiation of epithelial lineages (Que et al. 2009 ). These data were corroborated by Clara cell-specific deletion of Sox2 that resulted in decreased numbers of ciliated, Clara, and goblet cells in intralobar conducting airways (Tompkins et al. 2009 ).
The Notch signaling pathway plays important roles in cell specification during the development of many organ systems (reviewed in Chiba 2006) . Expression of potential Notch signaling pathway targets including Hes1, Hes5, and Hey1 suggest that this pathway is active in distal epithelial cells during early stages of branching morphogenesis (Tsao et al. 2008) . Pharmacological disruption of Notch signaling by γ-secretase inhibition in embryonic lung explants results in expansion of distal structures at the expense of proximal, Sox2-expressing airways.
Neuroendocrine Cells
Neuroendocrine cells are among the first cells to differentiate within the respiratory epithelium (Ito et al. 2000 , Shan et al. 2007 ). Dll1-LacZ+ cells, which mark presumptive neuroendocrine cells, appear in proximal airways at approximately E13.5 in a saltand-pepper pattern (Post et al. 2000) . As development proceeds, their number increases, and they are observed more distally (Figure 3) . Calcitonin, a product of neuroendocrine cells, is detected by immunohistochemistry at approximately E16.5 (Rawlins et al. 2007 ). It has been proposed that canonical Notch signaling mediates the specification of neuroendocrine versus nonneuroendocrine lineages. Transgenic activation of Notch under the control of the rat calcitonin promoter resulted in decreased numbers of neuroendocrine cells (Shan et al. 2007 ). Conversely, in airways deficient for Hes1, which encodes a bHLH transcription factor commonly regarded as a Notch target, precocious and supernumerary neuroendocrine cells were generated at the expense of Clara cells (Ito et al. 2000) . Similarly, airwayspecific deletion of Pofut1, a glycosyltransferase required for Notch signaling, early in development resulted in decreased Hes1 expression and increased numbers of neuroendocrine cells (Tsao et al. 2009 ). However, recent data suggest that these phenotypes do not reflect disruptions in canonical Notch signaling. One line of evidence is that deletion of Rbpj, a transcription factor required for canonical Notch signaling, caused only a modest decrease in Hes1 and a small increase in neuroendocrine cells (Morimoto et al. 2010) . Similarly, pharmacological inhibition of Notch signaling did not significantly affect levels of Hes1 (Tsao et al. 2008 
Figure 2
Epithelial cell specification in the mouse lung. (Top) At the pseudoglandular stage [embryonic day (E)11-16.5], progenitor cells within the distal tip epithelium both self-renew and generate descendants that exit the tip and populate the conducting airways. At least up to E13.5, these cells are able to generate all of the different airway epithelial cell types, which strongly suggests multipotency. At the canalicular stage, the potential of these distal progenitors becomes restricted to alveolar lineages. It is not clear if this switch from the production of bronchiolar to alveolar descendants is intrinsic or imposed by extrinsic factors. However, there is evidence that Wnt and Notch signaling regulate this change in behavior. (Bottom) Bronchiolar progenitors ( green) express Sox2. Hes1/Mash1 mediates the selection between neuroendocrine (NE, light red ) and non-NE fate (dashed light red ). The non-NE cells subsequently undergo a Notch-mediated decision to commit to the secretory (teal, Scgb1a1 hi ) or ciliated ( yellow, FoxJ1+, β-tubulin IV+) lineage. Other models are equally possible, including all three lineages sorting out at once. Once Scgb1a1+ cells are formed, they are able, as a population, to self-renew over the long term and to give rise to ciliated cells in the postnatal lung (Rawlins et al. 2009b ). Mucus-producing cells can be derived from Clara cells directly (Chen et al. 2009 ), but other origins are possible. In the alveoli, evidence is consistent either with a progenitor giving rise to alveolar epithelial type 1 (AEC1) [Aqp5+, podoplanin (Pdpn)+] and AEC2 (Sftpc+) cells, or with AEC2 cells themselves generating AEC1 cells. It is not clear what genetic mechanisms regulate these decisions.
expression of the proneural bHLH transcription factor Mash1, and in Mash1 null airways no neuroendocrine cells were detected (Borges et al. 1997 , Ito et al. 2000 .
In conclusion, although Hes1 and Mash1 regulate the proportion of neuroendocrine and non-neuroendocrine cells, the precise role of the canonical Notch pathway in the cell fate decision process still needs to be determined unambiguously.
Ciliated Cells
During development there is evidence that differentiation along the ciliated lineage is the default fate for non-neuroendocrine proximal airway epithelial cells. Mice homozygous for a mutant allele of Trp63, a transcription factor expressed at high levels in mature basal cells, die postnatally. Analysis of the tracheal epithelium at this time reveals a columnar epithelium composed primarily of ciliated cells that lacks basal cells (Daniely et al. 2004 ). Ciliated cells, marked by the expression of green fluorescent protein (GFP) under the control of a Foxj1 promoter, are first detected in the trachea and mainstem bronchi at approximately E14.0 (Rawlins et al. 2007 ). Similar to neuroendocrine cells, FoxJ1-GFP+ cells appear with a salt-and-pepper distribution that proceeds in a proximal to distal fashion (Figure 3) . In the absence of Notch signaling in the airway epithelium, the ciliated cell population is expanded at the expense of the secretory lineage (Guseh et al. 2009 , Morimoto et al. 2010 , Tsao et al. 2009 ). There is clear evidence that the maturation of the ciliated phenotype is dependent on the expression of the forkhead transcription factor FoxJ1 (Brody et al. 2000 , Chen et al. 1998 ).
Clara Secretory Cells
For simplicity the secretory population of the mouse lung is typically referred to as Clara cells. The population is undoubtedly heterogeneous, but relatively few markers exist to distinguish between potential subtypes. When mature, Clara cells typically have apical protrusions called uterodomes filled with secretory granules and express high levels of the secretoglobin Scgb1a1 and/or other members of the large and complex glycoprotein family including Scgb3a2 and (in proximal airways) Scgb3a1 (Reynolds et al. 2002) . Evidence from lineage tracing analysis suggests that most Notch-responsive epithelial cells in the embryonic airway epithelium give rise to Clara cells (Morimoto et al. 2010) . Notch loss-of-function experiments support the hypothesis that the differentiation of mature Scgb1a1+ Clara cells from Scgb3a2+ precursors is dependent upon canonical Notch signaling (Morimoto et al. 2010 , Tsao et al. 2009 ). The mechanisms regulating the differentiation and heterogeneity of Clara cells have not been identified.
Goblet Cells
Mucus-producing goblet cells are sparse in the airways of adult mice living under specific pathogen-free conditions but are relatively abundant in human airways. Importantly, their abundance increases in the context of pathological airway remodeling in humans and in mouse models of lung disease (reviewed in Evans et al. 2004 , Williams et al. 2006 . Under these conditions, goblet cells contribute directly to airway obstruction through the production of mucus. It is therefore of particular interest to understand the mechanisms that lead to goblet cell differentiation. Expression of the forkhead transcription factor Foxa2 is inversely correlated with goblet cell metaplasia in humans and animal models (Park et al. 2009 , Wan et al. 2004 ): Airway-specific deletion of Foxa2 causes increased numbers of goblet cells, whereas transgenic overexpression reduces goblet cell metaplasia in mouse models of allergic asthma. Spdef, an ETS domain transcription factor, is expressed in goblet cells of the gut and airways. Transgenic overexpression of Spdef in a subset of airway Clara cells results in their conversion to mucinproducing goblet cells (Chen et al. 2009 ). Importantly, this differentiation occurs without proliferation and is reversible. Conversely, loss-of-function experiments demonstrate that this transcription factor is required for mucous metaplasia in mouse models of obstructive lung disease including exposure to dust mite antigen and transgenic overexpression of the proinflammatory cytokine interleukin (IL)-13.
There is evidence that the Notch pathway also regulates the abundance of goblet cells in the airway epithelium. When Notch is transgenically activated in the embryonic airway epithelium in vivo or stimulated molecularly in vitro, the proportion of goblet cells expands at the expense of the ciliated lineage (Guseh et al. 2009 ). Conversely, pharmacological inhibition of Notch signaling results in increased numbers of ciliated cells and blocks the differentiation of goblet cells in explanted embryonic tracheas (Guseh et al. 2009 ). Unexpectedly, airway-specific deletion of Pofut1 does not affect goblet cell differentiation in vivo (Tsao et al. 2009 ). Data suggest that goblet cells are specified by several mechanisms. For example, transgenic mice engineered to express high levels of the epithelial sodium channel in the lung develop a cystic fibrosis-like airway phenotype (Mall et al. 2004) . Increased absorption of Na + and water leads to airway dehydration,
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inflammation, and mucous metaplasia. Deletion of IL-4 receptor α (Il4ra) from these mice abolishes the transient increase in goblet cells observed in normal neonatal airways (Roy et al. 2011 ) but has no effect on the chronic mucous metaplasia resulting from airway dehydration (Livraghi et al. 2009 ). Tracheal explant experiments demonstrated that Notch-induced goblet cell differentiation is not dependent on IL-13/Stat6, but they did not determine whether IL-13/Stat6 activation modulates Notch activity or if these factors are mechanistically linked to Spdef expression (Guseh et al. 2009 ). Recent data from our lab suggest that Notch signaling indeed occurs upstream of Spdef in mouse airways. Using a cytokeratin 5 (KRT5)-CreER allele, we activated Notch signaling in a subset of tracheal basal cells, and the majority of these cells assumed Scgb1a1+ or Spdef+, Muc5ac+ goblet cell phenotypes (Rock et al. 2011) .
Basal Cells
Trp63 is a transcription factor expressed in high levels at basal cells of stratified and pseudostratified epithelia throughout the body (reviewed in Crum & McKeon 2010) . From a single gene, at least six isoforms are expressed. Trp63+ cells are observed in the trachea as early as E10.5, and these express predominantly Trp63 variants with a transactivating domain (TA-Trp63) (Que et al. 2007 influence the differentiation and maturation of this stem cell population (Daniely et al. 2004 ).
Epithelial Cell Fate in the Distal Lung
The differentiation of AEC1 and AEC2 is impaired by transgenic activation of the Notch signaling pathway (Dang et al. 2003 , Guseh et al. 2009 ). However, in contrast to cell fate decisions in conducting airways, genetic lossof-function experiments suggest that Notch does not affect the maturation of AEC1 and AEC2 cells (Morimoto et al. 2010 , Tsao et al. 2009 ). Although it is widely assumed that AEC1 cells are derived from AEC2 progenitors during postnatal growth, this has yet to be tested by rigorous genetic lineage tracing in vivo (Adamson & Bowden 1975 , Kauffman et al. 1974 . Although many genetically engineered mutant mice demonstrate blocks in alveolar differentiation from distal epithelial cells surrounded by PECAM+ endothelial progenitors (Figure 3) , the transcriptional regulation of alveolar epithelial cell specification is not known.
STEM AND PROGENITOR CELLS OF ADULT AIRWAYS
Compared with some epithelial tissues (e.g., the small intestine or interfollicular epidermis), the airways have a low rate of cellular turnover. For example, ciliated cells of the trachea and bronchi have half-lives of 6 months and 17 months, respectively (Rawlins & Hogan 2008 In some tissues such as the interfollicular epidermis and small intestine, the notion of a classical stem cell hierarchy based on asymmetric cell divisions has given way to a model in which neutral competition between equipotent stem cells maintains tissue homeostasis over the long term (reviewed in Jones 2010). Work from our lab and others using genetic lineage tracing strategies suggests that a distinct population of stem cells maintains each region of the mouse respiratory system (trachea, mainstem bronchi, and proximal intralobar airways; intralobar bronchi and bronchioles; and alveoli) (Hong et al. 2004b , Rawlins et al. 2009b , Rock et al. 2010 .
Intralobar Airways
Proliferation in the steady-state airways is relatively infrequent (Kauffman 1980 , Rawlins & Hogan 2006 . It is therefore necessary to induce mild to moderate epithelial injury to test the potential contribution of different cell types to tissue maintenance and repair. Very little lineage tracing has been done in the airway epithelium under steady-state conditions. Early experiments using tritiated thymidine incorporation and more recent genetic lineage tracing from our own lab using a FoxJ1-CreER mouse line support a model in which mature ciliated cells are postmitotic and do not contribute to the maintenance of the airway epithelium under steady-state conditions or in response to injury including naphthalene exposure (Evans et al. 1986 , Rawlins et al. 2007 ). This does not rule out the possibility that ciliated cells contribute to other cell populations (e.g., goblet cells) without proliferation under pathological conditions. Those same early experiments showed that nonciliated columnar cells (including serous or Clara, goblet, and intermediate cells) proliferate in response to injury by inhalation of NO 2 (Evans et al. 1986 ). More recently, genetic lineage tracing from our lab evaluated the contribution of Scgb1a1-expressing cells to the airway epithelium during postnatal growth and in adults under steady-state conditions or in response to injury (Rawlins et al. 2009b) . These data showed that Clara cells of the intralobar airways self-renew and generate ciliated cells for at least one year in vivo. Therefore, as a population, we consider the Scgb1a1+ secretory cells the stem cells of the intralobar airway epithelium. Although it is important to use carefully defined terminology to describe progenitor cells and their behaviors, semantics must not impede progress in their characterization. These experiments did not address whether all Scgb1a1+ cells have an equal probability of generating long-lived clones or whether this is a property of a subset of Scgb1a1+ cells. It has been proposed that a subset of Clara cells (called variant Clara cells) that are resistant to the effects of systemic administration of naphthalene (which kills most mature Clara cells) represent a stem cell population because they can repopulate the columnar intralobar epithelium after this treatment (Reynolds et al. 2000) . However, it is unclear if these cells are a specific population of mature, naphthalene-resistant secretory cells or immature secretory cells that lack enzymes required for naphthalene metabolism.
Other putative stem cell populations, including EpCAM hi , CD104 pos , CD24 low cells and Scbg1a1+, Sftpc+ cells (bronchioalveolar stem cells, BASCs), have been reported in intralobar mouse airways (Kim et al. 2005 , McQualter et al. 2010 . Based on gene expression patterns in their descendants, both of these populations can give rise to airway and alveolar epithelial lineages when removed from the airways and cultured in vitro. However, in vivo genetic lineage tracing has not been performed for either population. Indeed, lineage analysis of Scgb1a1+ cells, including putative BASCs, does not support their contribution to alveolar lineages during postnatal growth, in adults under steady-state conditions, or in response to injury by naphthalene or hyperoxia (Rawlins et al. 2009b ).
Trachea and Mainstem Bronchi
Unlike Clara cells of mouse intralobar airways, those in the trachea and mainstem bronchi of the mouse are gradually replaced over time by a progenitor population that does not express Scgb1a1 (Rawlins et al. 2009b ). However, Scgb1a1+ cells are the majority of proliferative cells of proximal mouse bronchi under steadystate conditions, and at least a subset of this population has limited potential for self-renewal (Hong et al. 2004a , Rawlins et al. 2009b . It is therefore appropriate to call Scgb1a1-expressing cells of the mouse tracheobronchial region transit-amplifying cells. Several lines of evidence suggest that basal cells function as long-term stem cells of the pseudostratified airways (reviewed in Randell 2006 , Rawlins & Hogan 2006 , Rock et al. 2010 . Early experiments with labeled DNA precursors showed that basal cells proliferate in the rodent tracheobronchial epithelium under steady-state conditions and in response to injury by inhaled NO 2 (Breuer et al. 1990 , Evans et al. 1986 ). Basal cells purified from mouse trachea by flow cytometry have higher colony-forming potential in vitro than do nonbasal cells (Schoch et al. 2004 ). Furthermore, purified basal cells from rodent and human airways are capable of self-renewal and differentiation into ciliated and secretory cells when cultured in 2D at the air-liquid interface, seeded into decellularized tracheal scaffolds, or grown as 3D spheres (Engelhardt et al. 1995 , Hackett et al. 2008 , Liu et al. 1994 , Randell et al. 1991 , Rock et al. 2009 ). Genetic lineage tracing in mouse trachea and bronchi showed that cells expressing a Krt14-CreER transgene after epithelial injury self-renew and generate ciliated and secretory cells (Hong et al. 2004a (Hong et al. , 2004b . However, the contribution of Krt14-expressing cells to steady-state airway maintenance was not assessed because the heritable tag was induced after injury. Furthermore, despite its widespread expression in basal cells of the epidermis, only a minor subset of basal cells expresses Krt14 in some (pseudo)stratified epithelia, including the trachea, under steadystate conditions (Cole et al. 2010 , Lloyd et al. 1995 , Rock et al. 2010 . Strikingly, the proportion of basal cells that express Krt14 is increased following epithelial injury and in the context of pathological airway remodeling (Cole et al. 2010 , Rock et al. 2010 , Voynow et al. 2005 .
To investigate the contribution of basal cells to the pseudostratified airway epithelium, we used a KRT5-CreER transgenic allele to perform lineage tracing in vivo (Rock et al. 2009 ). These data demonstrated that basal cells selfrenew and generate ciliated and secretory cells during postnatal growth and in the adult under steady-state conditions and in response to epithelial injury. These experiments did not assess whether these behaviors are common to all basal cells or if there exist subsets with high probabilities of self-renewal versus differentiation. Many other important questions need to be addressed concerning the biology of basal stem cells. For example, although basal cells are broadly distributed throughout the tracheobronchial region, is it possible that some occupy privileged niches, perhaps protected from exposure to factors in the lumen or particularly vascularized, that promote self-renewal after injury (Borthwick et al. 2001) ? Do ciliated cells arise through an obligate Scgb1a1+ intermediate derived from basal cells, or can basal cells directly generate ciliated cells? Under some conditions in adult airways, might columnar cells generate basal cells, as they appear to do during early postnatal development? Indeed, our lab reported evidence for very rare basal cells that were derived from Scgb1a1+ Clara cells following epithelial injury (Rawlins et al. 2009b ).
Recent studies in the prostate have identified an Nkx3.1+ luminal cell capable of regenerating the entire epithelium including basal cells that have long been implicated as the stem cells of the prostate epithelium (reviewed in Shen et al. 2008) . This raises the possibility that under certain conditions in some organs, luminal epithelial cells can give rise to basal stem cells.
Alveoli
AEC2 cells have been shown to proliferate both at steady state and in response to injury, whereas AEC1 cells are generally regarded as nonproliferating (reviewed in Uhal 1997) . Early, now classic, pulse-labeling experiments suggested that AEC2 cells give rise to AEC1 cells during development and in response to injury such as inhaled NO 2 (Adamson & Bowden 1975 , Evans et al. 1973 . More recently, a population of putative BASCs that coexpresses Sftpc and Scgb1a1 has been localized to the bronchioalveolar duct junction in mice (Kim et al. 2005) . This population apparently expands after lung injury and stimulation with oncogenic Kras. When cultured in vitro, the putative BASCs generate cells that are Sftpc+, Scgb1a1+, or Aqp5+. Together, these data were interpreted to suggest that BASCs are stem cells for both bronchiolar and alveolar lineages. Other putative stem cell populations capable of generating both alveolar and bronchiolar lineages have been described (McQualter et al. 2010 , Tesei et al. 2009 ), but none of these claims has been substantiated by rigorous genetic lineage tracing in vivo. Clearly, there is an urgent need to understand much more about cell lineage relationships in the alveolus under steady-state and repair conditions.
STEM/PROGENITOR CELLS IN LUNG DISEASE
Pathological changes in the cellular composition and physiological functions of the airway epithelium are common features of respiratory diseases including chronic asthma, cystic fibrosis, chronic obstructive pulmonary disease, and cancer (Rock et al. 2010) . These changes include epithelial hyperplasia, goblet cell hyperplasia, and squamous metaplasia. They can directly influence lung function by airway obstruction (e.g., mucus hypersecretion) and contribute to the subepithelial fibrosis and smooth muscle hyperresponsiveness associated with chronic injury and inflammation. A deeper understanding of stem and progenitor cells will enhance our efforts to design specific and effective cellular, molecular, and genetic therapies for airway remodeling. Because basal cells are present throughout human airways, including small airways where remodeling is particularly problematic, we believe that it is important to understand the mechanisms regulating the maintenance of the pseudostratified epithelium by basal stem cells (Rock et al. 2010) . Recent data from our laboratory suggest that the evolutionarily conserved Notch signaling pathway is required for the differentiation, but not selfrenewal, of airway basal stem cells (Rock et al. 2011) . According to our model, asymmetric division of basal stem cells is Notch dependent. The signal-receiving cell differentiates into an intermediate cell type called an early progenitor (EP). These cells lose the expression of basal cell markers but do not express markers of differentiated lumenal cell types. EPs may be capable of limited proliferation (fulfilling the definition of a transit-amplifying population). We hypothesize that a second Notch signaling event will ultimately drive EPs toward the secretory rather than the ciliated lineage. In contrast, symmetric (self-renewal) divisions of basal cells are Notch independent. In the context of squamous metaplasia, the proportion of Krt14+ basal cells increases and that of fully differentiated lumenal cells decreases (Rock et al. 2010) . Intriguingly, Notch pathway components are expressed at lower levels in the lungs of patients with chronic obstructive pulmonary disease (Tilley et al. 2009 ). Together, these data suggest that the Notch pathway represents a novel therapeutic target in the context of airway remodeling, but we need to learn much more about the regulation of basal cell behaviors.
BPD: bronchopulmonary dysplasia
EMT: epithelial to mesenchymal transition Premature birth can interrupt the late stages of lung development and impair alveolar septation. This, combined with the adverse effects of mechanical ventilation and oxygen therapy, frequently lead to bronchopulmonary dysplasia (BPD) in extremely low-weight premature infants (reviewed in Coalson 2006) . Importantly, children with BPD can suffer from impaired lung function even into adulthood (Kwinta & Pietrzyk 2010 , Lum et al. 2010 . A better understanding of the cellular and molecular events that regulate alveolarization will lead to effective therapies by which we can ameliorate lung function and minimize iatrogenic damage in the neonatal period.
Idiopathic pulmonary fibrosis is a severely debilitating restrictive lung disease for which there is currently no medical treatment (reviewed in Meltzer & Noble 2008) . By definition, the etiology of this relatively rare disease is poorly understood, but it is generally thought that chronic epithelial injury and failed repair lead to disrupted communication between epithelium and the surrounding stroma that results in mesenchymal hyperproliferation and fibrogenesis (reviewed in Pardo & Selman 2002) . In support of this model, chronic depletion of Clara stem cells in mouse bronchi induced peribronchiolar fibrosis (Perl et al. 2011) . At least three cell populations have been proposed as the fibrogenic population: resident fibroblasts and/or pericytes, bone marrow-derived stem cells, and alveolar epithelial cells (Willis et al. 2006 ). Animal models of pulmonary fibrosis include intratracheal administration of the chemotherapeutic agent bleomycin or localized production of transforming growth factor β1 (Bonniaud et al. 2004 , Gharaee-Kermani et al. 2005 . Using the latter model, it has been suggested that alveolar epithelial cells, through the process of epithelial to mesenchymal transition (EMT), generate fibrogenic myofibroblasts . Although there is some evidence for morphological changes in epithelial cells in experimentally induced fibrosis, whether the majority of extracellular matrix-producing cells are in fact derived from this population is unclear. EMT was implicated in the pathogenesis of renal fibrosis, but lineage tracing suggests that pericytes, not epithelial cells, are the major fibrogenic population (Humphreys et al. 2010) . There is an urgent need to identify the cell types involved and to characterize the molecular mechanisms that contribute to pulmonary fibrosis. This will help in developing more specific and effective therapeutic interventions.
The current treatment for end-stage lung disease is transplantation, and this procedure has the lowest survival rate of any solid organ transplant (∼50% after 5 years) (Christie et al. 2008) . This is in part because of rejection and the side effects of immunosuppressive therapy (Christie et al. 2008 , Ng et al. 2009 ). Therefore, an opportunity exists to use autologous stem cells to generate tissue for transplantation that is less prone to graft rejection. The feasibility of this approach was demonstrated when epithelial cells and bone marrow-derived chondrocytes from a patient with bronchomalacia were cultured and then seeded into a decellularized cadaveric tracheal segment. This bioengineered airway was used to repair the patient's stenotic left main bronchus (Macchiarini et al. 2008) . Could a similar approach be used to generate an entire lung for transplantation? Recently, mixed populations of neonatal or fetal rat lung epithelial cells and endothelial cells were seeded into decellularized donor lung scaffolds and transplanted into recipient rats (Ott et al. 2010 , Petersen et al. 2010 . These grafts facilitated gas exchange over the very short term (several hours). Although these studies represent a technical advance, many issues remain to be addressed. Identifying stem/progenitor cell populations with the capacity for long-term selfrenewal and differentiation will ensure that such grafts are functional over extended periods of time. The grafts displayed some of the morphological and histological features of native lungs, but it will be essential to maintain the proper proportions of cell types and physiological function over the lifetime of recipients. Other considerations, including the unidirectional beating of ciliated cells for mucociliary clearance-presumably regulated by the planar cell polarity pathway-will have to be addressed. Understanding the signals, including extracellular matrix and secreted molecules, that control cellular behaviors will facilitate efforts to balance differentiation and proliferation, promote differentiation along various lineages, and maintain long-term physiological function.
CONCLUSION
Great strides have been made toward the identification and characterization of stem and progenitor cells of the mammalian lung. Nevertheless, we need to know a great deal more about their lineage relationships and the mechanisms that drive their self-renewal and differentiation. How can we promote alveolar development and regeneration in preterm infants and patients suffering from emphysema? Can we identify molecular therapies to reverse abnormal airway remodeling (e.g., mucous and squamous metaplasia)? Which cells contribute to pulmonary fibrosis, and are there pathways that can be targeted to prevent progression? What are the optimal stem cells for use in generating bioengineered organs for autologous grafts? Answers to these questions and many others will require the continued collaborative efforts of basic scientists and clinicians for many years to come.
SUMMARY POINTS
1. Multipotent embryonic progenitor cells are progressively lineage restricted during development.
2. Discrete stem cell populations maintain each region of the adult mouse lung: the tracheobronchial region, intralobar bronchioles, and the alveoli.
3. Disruptions in stem cell regulation, including the Notch signaling pathway, likely contribute to airway remodeling in respiratory disease.
4. Efforts to develop genetic, cellular, molecular, and bioengineered therapies for lung disease will be enhanced by a deeper understanding of the progenitor cells of the lung. 
FUTURE ISSUES
